This work describes the application of partial least squares (PLS) regression to variables that represent the oxidation data of several types of secondary metabolite isolated from the family Asteraceae. The oxidation states were calculated for each carbon atom of the involved compounds after these had been matched with their biogenetic precursor. The states of oxidation variations were named oxidation steps. This methodology represents a new approach to inspect the oxidative changes in taxa. Partial least square (PLS) regression was used to inspect the relationships among terpenoids, coumarins, polyacetylenes, and flavonoids from a data base containing approximately 27,000 botanical entries. The results show an interdependence between the average oxidation states of each class of secondary metabolite at tribe and sub tribe levels.
The use of chemical data in plant classification has been the subject of increasing interest in phytochemistry, biochemistry and other fields of research at the chemistry-biology-ecosystems interface [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Oxygen is essential for life of plants and animals and for practically all combustion processes. In any plant metabolic cycle, redox (reduction-oxidation) reactions usually occur and may involve extremely complex chemical mechanisms. A very large number of reactions are catalyzed efficiently by enzymes, but few of these reactions utilize light to drive oxidation/reduction or other chemical reactions [4] .
Secondary metabolites evidently arise from numerous redox reactions of plant metabolism [11, 12] . Isolation, purification and determination of the chemical structures of such products are of increasing scientific and industrial interest in the whole world, especially when the investigation target is the search for compounds with biological activity to be applied directly to the development of new drugs.
In botanical studies of species, the secondary metabolites are also important as taxonomic chemical markers [2] . Advanced techniques, such as 2D NMR spectroscopy allied to some specific computer programs may shorten the time for obtaining the structure identification of such compounds, whose structures may sometimes be highly complex. Accordingly, every year there is an explosion of data, comprised mostly of diverse structures of thousands of organic compounds. They provide a wealth of information available for chemical databases. These are of invaluable interest for raising the knowledge of the chemical composition of plants, elucidating their chemical structures and proposing the most likely skeletons of the structures by comparison with duly identified compound patterns. Moreover, such databases could also be used for taxonomic purposes [9] [10] . The Asteraceae is one of the largest families of flowering plants in the world. About 23,000 species of this family have already been described botanically, and several reviews concerned with its chemistry and biology have been published [13] [14] [15] [16] .
According to Bremer [14] , the Asteraceae can be divided into four subfamilies: Barnadesoideae (BAR), Carduoideae (CAR), Cichorioideae (CIC) and Asteroideae (AST); 17 tribes, and 82 subtribes ( Table 1) . Some tribes and subtribes described in Table 1 were not included in this study because, to date, the numbers of compounds isolated from them are not considered to be representative ( Table 2 ). The seminal contribution of Gottlieb and co-workers to chemotaxonomy resulted in several postulates about the evolution of secondary metabolites in plants [17] . One of them suggests that "The evolution of micromolecules proceeds by oxidation. The relatively highly oxidized compounds characterize new chemical lines".
Several years later, an excellent review was published on the role of oxygen in the phytochemical evolution and diversity of plants [4] . A correlation was proposed between the growth of major plant taxa and their variation in the available amount of atmospheric oxygen.
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From the results obtained in this study, the redox theory in plants has been placed on a more quantitative basis.
Numerous papers have described the chemical constituents isolated from plants of the Asteraceae. Among those constituents, special attention has been focused on the sesquiterpene lactones [6, 20] , and flavonoids [8, [21] [22] . In this study, besides sesquiterpene lactones, diterpenes and flavonoids, sesquiterpenes, monoterpenes, triterpenes, polyacetylenes and coumarins were included for a wide-range of evaluation in terms of their occurrences and oxidation numbers of their carbon atoms. In total, seven classes were analyzed, for sesquiterpenes and sesquiterpene lactones were grouped into a unique natural product class. The reason for this is related to the fact that this paper focuses on the biogenetic precursor of each chemical class as a very important parameter to rank them more coherently. As the biogenetic precursor of sesquiterpene lactones and sesquiterpenes containing a lactone moiety is the same (farnesyl pyrophosphate), we have classified both simply as sesquiterpenes, in a broad sense. Table 1 shows the accepted classification of tribes and subtribes of Asteraceae according to Bremer [23] .
The data were extracted directly from the database obtained from our own expert system SISTEMAT [12] , which includes the occurrence data (ca. The raw data matrix resulting from the occurrences of the compounds used in this study are shown in Table 2 , where the number of occurrences was defined as the number of times that each compound appears in a taxon (tribe or subtribe, in this case) for each studied species [8] . Each chemical class of secondary metabolite is documented and titled with four-letter abbreviations: monoterpenes (MONO), sesquiterpenes (SESQ), diterpenes (DITE), triterpenes (TRIT), flavonoids (FLAV), coumarins (CUMA) and polyacetylenes (POLI) ( Table 2) .
For each compound, the oxidation number (NOX) was calculated according to the rules of Hendrickson et al. [24] . These rules can be summarized in this simple equation: NOX = ∑ n i C⎯B , where n i is the number of bonds between carbon atom C and B. In this equation, B corresponds to H, C or a heteroatom X, i.e the resulting bonds are, therefore, C⎯H, C⎯C and C⎯X, respectively. The oxidation state for any single C atom attached to one of these atoms is obtained by adding the following values: -1 for each -H, 0 for each -C, +1 for each bond to a heteroatom X. The summation includes all the bonds C⎯B of the main skeleton of the organic compound under consideration and gives its total oxidation state as oxidation number in relation to its carbon atoms. Obviously, a double bond C-C has a value equal to zero. The NOX for each structure was calculated through the topological matrix of the expert system SISTEMAT [12, 25] . It appears, however, that the NOX sum of the oxidation states of all carbon atoms of a given metabolite is not always a good parameter for use in multivariate analysis because each chemical class of natural product has a specific number of carbon atoms generating a wide range of different NOX values. For example, Figure 1 shows a sesquiterpene lactone I and a diterpene II whose NOX numbers are −10 and -18, respectively.
In a previous paper, the concept of an oxidative step (OS) of a natural compound was introduced [10] . The OS is calculated by subtracting the NOX value of the compound from that of either its biosynthetic or biogenetic precursor, and dividing the result by two, according to equation (1):
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The values for the compounds were compared with those of the precursors in Asteraceae. For each one of these, considering, for example, a 5-deoxygenated flavonoid, the OS values were calculated using the equation (2), and the OS obtained were assigned negatively:
Regarding this equation, attention must be paid to the choice of the precursor, as this should be the most likely one in a biosynthetic / biogenetic pathway of the metabolite class in any plant family. In the case of flavonoids, biosynthesized via the acetate-shikimate route, their precursors are already well defined: acetate or malonate for ring A and cinnamic acid for the C6-C3 moiety (ring B) [21, 22] . The OS averages (OS average = ∑OS / occurrence number of compounds of the chemical class in the taxon), calculated for groups of plants, for example orders, families, tribes and subtribes, are defined as the evolutionary advancement parameters (EA OS ) and are related to the oxidative steps for each chemical class of a specific taxon. For example, the parameter EA OS DITE means the evolutionary advancement state related to the oxidation steps of diterpenes for one specific tribe. Table 3 ). This is because it is accepted that the evolution of these two moieties developed independently [15] , and there are two distinct enzymatic systems working on the oxidation of the acetate and the shikimate moieties of the flavonoids.
The NOX and oxidation steps for polyacetylenes and coumarins were calculated using the formula given in the text. In both cases the precursors are assumed as oleic acid and the coumaroyl cycle system, respectively [26, 27] .
The row values in Table 2 show the chemical data. Table 3 shows the EA OS average values of seven different types of secondary metabolite in tribes and subtribes of the Asteraceae. The OS and EA OS values were calculated through the EXCEL program importing the NOX number from the system SISTEMAT [22] .
A simple graphical analysis shows the difference between the oxidation states of two pairs of metabolites in the Asteraceae (Figure 3 and 4) . The differences between two variables are easily demonstrated in the histograms above or through several approaches using only a two dimensional space [28, 29] . In a previous paper [30] , the occurrences of secondary metabolites were statistically explored by principal component analysis (PCA) in order to classify groups within the family. This method provides good results regarding correlations between the occurrences of seven classes of metabolite and botanical classifications at tribe level. In this work, we tried to find correlations between the occurrence numbers of the seven classes of secondary metabolites and their average numbers of oxidation steps (EA OS ), at tribe and subtribe levels by using multivariate analysis, especially the partial least square method PLS1 [19] , once simple plots which show phenetic relationships among taxa are appropriate to working with 2 or 3 variables in maximum. PLS1 regression, which allows the use of a single independent variable and several dependent ones, was applied to oxidation parameters at subtribe and tribe levels. Therefore, to widen and deepen the tests, the current 82 subtribes of the Asteraceae were also included in this research and assessed with the same statistical procedures employed with the tribes of the family.
The average values for the oxidative steps were calculated for the tribes and subtribes of the family Asteraceae in order to analyze which secondary metabolite class is more oxidized in the species. Table 3 shows the average EA OS values for the tribes and subtribes.
TRIT SESQ Considering the values of bivariate correlation coefficients obtained previously (Tables 4 and 5 ), it appears that classical multilinear regression (MLR) is not an appropriate method to be used in this study. Consequently, we made use of the PLS1 method, a better alternative [19] . Results of occurrences and average EA OS are presented in the respective tables for the tribes and subtribes (Tables 6 and 7) , respectively. From Table 6 , 12 of the 82 subtribes of the Asteraceae were removed, because the numbers of recorded metabolite occurrences are very few, and they were regarded as outliers. On the other hand, from Table 7 , only Barnadesieae of the 18 tribes of the Asteraceae ( Figure 5 ) was removed as an outlier. In order to make easier the visualization of the production of secondary metabolites, the data related to their occurrences in subfamilies and subtribes are shown in Figures 6 and 7 . From the data shown in Table 3 , it can be seen that the most oxidized classes are the sesquiterpenes and polyacetylenes. In relation to oxidation, Table 3 shows the average EA OS values for the subtribes. The same phenomenon that takes place in the tribes is also observed in the subtribes. The other terpenes of the Asteraceae are not oxidized to a large extent. The monoterpenes (C-10 compounds) have average EA OS values smaller than their iridoid derivatives (highly oxidized monoterpenes) isolated from other plant families. In the Asteraceae, the monoterpenes do not oxidize naturally, breaking the carbon-carbon bonds and originating iridoid compounds.
The "abandonment" of the shikimic acid pathway is known to be one of the characteristics of morphologically developed families [17] . In the Asteraceae, this phenomenon reaches an extreme with large production of all terpenoid types and the near extinction of C6-C3 derivatives, except for coumarins, benzofurans and some phenylpropanoids, which reach 10% of the total of isolated substances, according to our database and Alvarenga et al. [30] . *In this evaluation, 12 of the 82 subtribes of the Asteraceae were removed, as the numbers of metabolite occurrences are few, and they were regarded as outliers.
The flavonoids are in part derived from shikimic acid and comprise one of the largest chemical classes within the Asteraceae. Their occurrence numbers are negatively correlated with those of polyacetylenes and sesquiterpenes at both hierarchical levels (Tables  4 and 5 ). In fact, the flavonoids might play a remarkable role in the oxidative balance among the secondary metabolites of the family. It is important to highlight that flavonoids can act as good free radical scavengers and strong antioxidants in the chemical metabolism of all organisms, as widely reported in the literature [31] [32] .
A first survey of the data of occurrence and oxidation states of secondary metabolites, at both tribal and subtribal levels, aimed to verify if they were correlated. The data summarized in Tables 4 and 5 show that, at the subtribe level, some correlations between occurrences and averages of oxidation states of the secondary metabolites were apparent.
The bivariate correlation matrix for the chemical classes at tribe level (Table 5) is correlated to a lower extent with these groups; for example, in Table 5 , EA OS DITE/POLI is negatively correlated at -0.37. The values of the correlation coefficients are considerably lower for subtribes than for tribes. One of the most interesting facts that emerges from this work is that the two chemical classes with high oxidation values, EA OS SESQ and EA OS POLI (see data in Table 5 , at the two hierarchical levels. At hierarchical lower levels (subtribes), the AE os do not show good values for the correlation, r 2 ~ 0.5 in MLR and r 2 ~ 0.20 in PLS. The average oxidation levels are considered good markers of taxa for order, families, etc [17] . However, in small groups, there is the occurrence of one or two classes of secondary metabolite where it is not possible to correlate the average oxidation number for some variables because some of them have an average value equal to 0 due to the lack of data. This explains the lack of correlation when one utilizes either the oxidation steps or another oxidation parameter at a lower hierarchical level. Thus, we decided to apply the partial least square (PLS) methods in new statistical tests in order to investigate the relationships among variables more closely.
All the calibration coefficients obtained are greater than 0.91. The only noticeable exception was the case of occurrences of triterpenes, which show a value of 0.9870 for calibration, but a rather low value of 0.4586 in cross-validation (Table 7) . This discrepancy might originate from the fact that the variance of occurrence of triterpenes, listed from the literature at the tribe level, is very low compared to the variance for other metabolites. Another possible explanation might be that, due to the low number of occurrences of triterpenes, these compounds are not good chemical markers in studies at the intrafamily level, and further taxonomic studies are needed to evaluate this statement.
The high level of correlation obtained both in calibration and cross-validation for each class of metabolite shows that the average oxidation state calculated for a taxon (tribe or subtribe) is not independent of the average oxidation state of the other metabolite classes.
Although the multivariate statistical methods presented here (partial least square) show that the average oxidation states of secondary metabolites in the Asteraceae appear in equilibrium, their total number of occurrences can be seen according to the resemblance between the greatest groups at intrafamiliar level, according to Bremer´s classification ( Figure 5 ).
The number of occurrences in each class of secondary metabolite was converted into two graphics (Figures 6 and 7) . In Figure 6 , the numbers of occurrences in four subfamilies sensu Bremer and in Mutiseae were summed up. Concerning the last one, Bremer is still in doubt about its position. The taxonomic groups were positioned from the left to the right, which is the sequence that Bremer attributes to the tribes, i.e., from the root of his tree to its top ( Figure 5 ). Figure 7 illustrates the production of secondary metabolites in each tribe, also placed in the same order that it appears in Bremer´s diagram ( Figure 5 ) and shows that the basal group Barnadesoideae has an extremely simple chemistry characterized by the large production of flavonoids. Except Plucheae and Gnaphalieae, all tribes of Asteroideae have a diversified chemistry compared with that of Cichorioideae. The maximum diversification is seen in Anthemideae due to monoterpenes, sesquiterpenes and flavonoids, and in Heliantheae, due to diterpenes, flavonoids, polyacetylenes and sesquiterpenes.
Simple triterpenes were also isolated from all tribes. Highly oxidized triterpenes are not observed in the Asteraceae, but are common in other families, for example Meliaceae [17] . The production of flavonoids and simple triterpenes makes Mutiseae and other Cichorioideae tribes related chemically.
Mutiseae was considered by Bremer to be an intriguing group inside the family. Although it presents a simple chemical picture, as do the others in the Chichorioideae subfamily, where Mutiseae was positioned, the production of extremely complex coumarins [for example, 33, 34] makes it closer to Vernonieae, an advanced group inside Cichorioideae.
According to Bremer, the group denominated Vernonioid (Lactuceae, Vernonieae, Liabeae and Arctoteae) is homogeneous. However, it is emphasized that the basal position of Arctoteae in this clade, which is consistent with the simple chemistry of these four tribes, also shows the lack of monoterpenes and flavonoids. From the chemical point of view, Vernonieae is the advanced group of this clade. The large production of sesquiterpenes [for example 33, 34] , mainly lactonized, and the high oxidation level of these metabolites contribute to its outstanding position in the Vernonioid group.
A detailed analysis of the basic micromolecular evolution of plants, postulated by Gottlieb [17] , that states that inside a group, evolution occurs by oxidation processes, indicates that maximum evolution inside Cichorioideae occurs in Vernonieae. On the other hand, triterpenes of the tribe are extremely simple, which reflect the redox theory proposed by Gottlieb [4, 5, 11] .
Within the subfamily Asteroideae, the group Inuleae, sensu Wagenitz [35] is divided into three tribes: Inuleae, Gnaphalieae and Plucheae. The lack of production of diterpenes in Plucheae and the great production of sesquiterpenes in it indicates a non homogeneous group. In Asteroideae, Calenduleae, a small group compared to the largest tribes of Asteroideae, is chemically poor (See Table 2 ). Consequently, Calenduleae is classified as a separate group, being kept in the subfamily for its morphological aspects and from DNA studies [14] . Another interesting phenomenon related to the chemical evolution of the Asteraceae is seen in Asteraceae. This tribe seems to have specialized in the production of diterpenes (more than 1000 occurrences), while sesquiterpenes are very rare and distributed mainly in genera like Solidago.
The inverse phenomenon occurs in the Senecioneae tribe, where diterpenes are rare and highly specialized sesquiterpenes are produced [36] .
Considering Asteroideae, the resemblance between Anthemideae and Astereae is seen in the great production of coumarins in the two tribes. Bremer considers Eupatorieae, Heliantheae and Helenieae a strongly supported monophyletic group. Data obtained from macromolecules published by Bayer and Starr [37] also corroborated this clade. From the point of view of micromolecular chemistry, several factors contribute to the postulate that this is a very advanced group in the Asteraceae. Altogether, these three tribes produce one third of all secondary metabolites in the Asteraceae, and the tribe Heliantheae is the greatest producer (one fifth of all metabolites in the whole family). Oxidized sesquiterpenes [38] and lactonized sesquiterpenes [39] are frequently found in Eupatorieae and in Heliantheae, respectively. It implies that the average AE os of the tribes is one of the highest.
The evolutionary success of the Asteraceae is probably linked to the production of either micromolecules or secondary metabolites. The correlation of oxidation originating from the flavonoids, substances known as antioxidizing agents, provides important support to Gottlieb's redox theory within a group of plants. The large number of flavonoids isolated from the Asteraceae (about 1,000 different structures) and the number of occurrences of this chemical class (about 4,500) in plants of this family show that this important class of aromatic compounds may be responsible for a remarkable oxidative balance between groups within the family. It is accepted by the scientific community [17] that the oxidation states of secondary metabolites show trends in chemical evolution. If we inspect one class of metabolite, we can see that the increase in the oxidation state is accompanied by a morphological evolution, mainly at higher hierarchical levels. However, it is not a law of nature, because several examples show a decrease. This suggests more of a phenotypic adaptation and each case must be seen specifically. The multivariate approach used here makes no assumptions about the trends of evolution of the family, although we can show that, if in each chemical class, formation is dependent on another one, the control of the metabolism for all the classes is linked to evolution. Only progress in DNA studies might show the polarity of the phenomenon or which group is more developed.
The statistical model explored here shows that, in one of the most highly evolved families, the oxidative mechanisms taken as an evolutionary factor cannot operate concomitantly in all classes of produced metabolites. Even in the classes derived from the acetate/mevalonate pathway, the terpenoids, there exists a significant preference for the oxidation of one of these classes. Moreover, the oxidative balance becomes clearer when we introduce another class derived from another biosynthetic pathway, that is, the flavonoids, whose role in the oxidative balance of the terpenoids has been demonstrated. If the redox potential were not controlled within the Asteraceae, this family might have produced, for instance, iridoids (highly oxidized monoterpenoids), encountered in other families, such as Lamiaceae, Gentianaceae and Loasaceae; and degraded triterpenoids, such as the limonoids from the Rutaceae. Chemically, the reactions follow an oxidative pathway, which may consequently cause highly degradative processes in plants, for example oxidation with loss of carbons atoms, does not occur with any great magnitude in this family. Furthermore, the Asteraceae has developed a highly efficient and diversified mechanism for protecting the phenolic hydroxyls against oxidation, making use of the glucoside units and methylation [8] . Parallel to this fact, a great part of the hydroxyl groups of the terpenes are protected by branched-chain acids.
In the Asteraceae, the phenomenon of production of oxidized molecules seems not to reach all biosynthetic routes. The same group of family (tribe or subtribe) produces simultaneously extremely oxidized molecules as well as extremely simple ones remaining from the first chemical reactions after the precursor. This equilibrium, demonstrated here at the two hierarchical levels, appears to be one of the chemical evolutionary mechanisms in the Asteraceae. Taking into account the careful data analysis presented in this paper and in the others of the same group involving other isolated metabolites, it is possible to state that in the Asteraceae, the process of micromolecular evolution is related to the production and diversity of secondary metabolites reaching the maximum in the most evolved groups inside the taxon. In groups that produce several classes of metabolite, evolution not only occurs through oxidation processes, but also by oxidative equilibrium, keeping always one or two classes not oxidized. In general, the variation involved in the production of two important classes (numerically most representative in terms of occurrence and variety of skeletons) seems to be another interesting and important phenomenon in the understanding of the metabolism of the family.
